Abstract. Satellite observations are used to study the variance scaling of temperature and water vapor in the atmosphere. A high resolution of 13.5 km at nadir, instead of 45 km as in previous Atmospheric Infrared Sounder (AIRS) studies, enables the derivation of the variance-scaling exponents down to length scales of ∼55 km. With the variable-size circular area Monte Carlo approach the exponents can be computed instantaneously along the track of Aqua, which gives more insight into the scaling behavior of the atmospheric variables in individual Level 2 satellite granules. Scaling exponents are shown to fluctuate heavily 5 between β = −1 and β = −3 at the larger scales, while at the smaller scales they are often closer to β = −2, and they decrease a bit for moisture at the smallest scales that are considered. Outside the tropics, the temperature large-scale variance-scaling exponent is often close to -3 due to large temperature slopes that are present along the track of Aqua, likely as a result of geostrophic turbulence. Around the tropics, this exponent is often closer to -1, because the tropical atmosphere is dominated by smaller-scale processes such as moist convection, leading to an observable reverse scale break. In contrast, water vapor 10 is shown to have large-scale exponents often close to -3 around the tropics, because there, large-scale water vapor slopes are common along the Aqua track. Furthermore, the scale-break length scale turns out to be highly variable and shows a large spread. The presented variance-scaling results are of importance for cloud parameterization purposes.
standard deviations are used to calculate scaling exponents corresponding to a range of length scales. In this paper, the scaling exponents obtained using standard deviations are referred to as "variance scaling" exponents.
If a power-law relation exists between the standard deviation and the length scale, then given two length scales l 1 < l 2 with standard deviations σ 1 and σ 2 , the scaling exponent α is: α = log e (σ 2 ) − log e (σ 1 ) log e (l 2 ) − log e (l 1 ) .
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When plotting the standard deviation as a function of length scale, while using logarithmically scaled horizontal and vertical axes, the scaling exponent α determines the slope of the line from (l 1 , σ 1 ) to (l 2 , σ 2 ). This line is straight if a power-law relation exists and is half as steep as for variances, which can equivalently be used instead of standard deviations to calculate the variance scaling exponents (Vogelzang et al., 2015) .
Analogously to KT09, in this paper α L is defined as the "large-scale" scaling exponent for length scales between 6
• and 12
• , 10 α S for "small" length scales between 1.5
• and 4
• . In addition, α T is defined as the scaling exponent for "tiny" length scales between 0.5
• and 1.5
• . Length scales are expressed in degrees over great circles and are assumed to not change with latitude or longitude. To connect the computed α values to the power spectra line slopes β, α values are converted in β values by using the equation on page 5563 of KT09: β = −(2α+1) (see also Davis et al. (1996) ; Yu et al. (2017) ). The well-known β = −5/3 and β = −3 correspond to α = 1/3 and α = 1, respectively. The next subsection gives a description of the estimation of standard 15 deviations along the track of Aqua.
Circular approach
Standard deviations are computed over circular areas with diameter l. The largest length scale is determined by the swath width of AIRS, i.e. L = 15.4
• . In that case, a circle with radius 7.7
• is positioned with its center at Aqua's track (at nadir) after which the standard deviation of the temperature and water vapor values that are inside it are calculated. A depiction of a water vapor 20 field at 500 hPa using AIRS-OE-retrievals that are inside a circle with 15.4
• diameter is presented in Fig. 2a . The smallest length scale is determined by the horizontal resolution of the observations. Here, the minimum number of retrievals that are required to get a (contributing) standard deviation from a circle is five, as in KT09. Taking this requirement in consideration, for AIRS-OE the smallest length scale, and hence the smallest diameter of the circles, is chosen to be l = 0.5
• and for the three coarser-resolution AIRSv6 data products this is l = 1.5
• .
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Monte-Carlo method
To obtain the standard deviations corresponding to length scales smaller than L = 15.4
• , i.e. length scales 0.5 • ≤ l < 15.4
• , smaller circles are randomly placed inside the largest circle with diameter 15.4
• . So, the radius of the circle is reduced to obtain standard deviations corresponding to smaller length scales l. Given a smaller circle with diameter l < 15.4
• , it is placed at a random location inside the largest circle, and such that it is entirely inside it, and the standard deviation of the temperature or
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water vapor values that are located in the smaller circle are computed. In order to get a better estimate, a Monte-Carlo estimation procedure is employed: the random placement is repeated 10,000
times, which means that 10,000 circles are placed randomly inside the largest circle, and their average standard deviation is used as an estimate of the standard deviation corresponding to the length scale l. A subtle note on random placement: this should be done such that the 10,000 smaller circles cover the largest circle uniformly. This procedure is repeated for all length scales 0.5 • ≤ l < 15.4
• (down to 1.5
• when using AIRSv6 products). Two of these 10,000 smaller (l = 6
• ) circles that are 5 entirely contained in the 15.4
• -diameter circle are displayed in Fig. 2b .
Instantaneous variance scaling along the track
A special feature of the method is that the 15.4
• -diameter circle can move along with the orbit of the Aqua satellite. To be precise, its center can move along with the track of the orbit's nadir to estimate standard deviations and hence the variance scaling of a horizontal circular area around the track. This works fine as long as circles are entirely contained in a single granule.
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If the 15.4
• -diameter circle is close to the edge and partly covers two granules, the two granules can be glued together. By repeating this procedure of glueing granules, the variance scaling can be derived instantaneously (i.e. without time averaging) along the track of the Aqua satellite and for as many granules as desired.
By varying the diameter of the circular areas, while covering the selected area in a uniform way, standard deviations can be estimated in the area under consideration. The diameter of the circles can vary with arbitrary small increments, and is chosen 15 to vary with increments of 0.5
• , which gives a sufficient resolution in the variance-scaling plots that are introduced in Section 4. After the calculations of the standard deviations as a function of length scale, the three α exponents (i.e. the slopes) are estimated by a least squares fit (Weisstein, 2017) . Furthermore, β L , β S and β T are the analogs of α L , α S and α T and will sometimes be used instead of the α values, because the β values, such as β = −3 and β = −5/3, are more commonly used in the literature. 
Scale-break detection
To examine the length scale at which the variance scaling exponents change, for example from a β = −3 to a β = −5/3 slope, the standard deviation as a function of length scale is approximated by two power laws, which is equivalent to fitting two straight lines optimally in a double-log scaled figure. When using the AIRS-OE data product, which covers a larger range of scales, the double scale break is examined by fitting three straight lines in the variance scaling plots. 
Variance-scaling diagrams
The aim is to construct variance-scaling diagrams that are similar to Fig. 3 of Nastrom and Gage (1985) . First, the position of the 15.4
• -diameter circular area is fixed on the track of the satellite and standard deviations of temperature or water vapor at a certain pressure level are calculated for each of the length scales 0.5 • ≤ l ≤ 15.4
• (as described in Section 3). Then, 5 these standard deviations are plotted on the logarithmically scaled y-axis as a function of the length scale l, which is on the logarithmically scaled x-axis. at these locations depending on the atmospheric circumstances. The four AIRS data products are included to get an impression of the uncertainty of these scaling diagrams due to sampling differences.
The standard deviation usually increases as a function of length scale, only in Fig. 3c the standard deviation decreases at the larger length scales when AIRS-OE is used. In Fig. 3a , this increase is not constant: at the larger scales, it is close to β = −3
and at the smaller scales β increases up to β = −5/3 for AIRS-OE. In this panel, the slope changes between the length scales 15 l = 9
• and l = 11
• , which is an example of a scale break. Observe that, in Fig. 3c , the slope at the smaller scales is steeper than at the larger scales, which is an example of a reverse scale break which has been reported before by KT09 for specific humidity. In Fig. 3d , there is no clear scale break at all.
The differences of the standard deviations between the three coarser-resolution AIRS data products are small and differences that arise can partly be attributed to blocking clouds. AIRS-OE tends to give higher standard deviations, most notably in Fig.   20 3b, which is to be expected because of its higher spatial resolution. Further discrepancies can partly be attributed to gaps in the temperature or water vapor fields due to unsuccessful retrievals (e.g. of low quality) mostly in AIRS-OE. Observe that the relative differences between the slopes of the four lines, which are of main interest, are smaller than the relative differences in the actual values.
The corresponding moisture plots are given in Fig. 4 . The scaling diagram in Fig. 4a is similar to the temperature diagram 25 in Fig. 3a , but the slopes are even closer to β = −5/3 at the smaller length scales. In Fig. 4b , the reverse scale break is clearly visible around l = 9
• . In Fig. 4c , the discrepancies between the four data products are significant at the larger scales, where AIRS-OE displays a decreasing standard deviation as a function of length scale. At the smaller scales the slopes are similar and between β = −3 and β = −5/3. In Fig. 4d , all slopes are close to β = −3 at the larger scales, then slowly increase to β = −1 (i.e. α = 0) around l = 7
• and decrease again at smaller length scales. nadir at the first swath of the second granule that is available in the database and is moved 84 min Aqua space flight time along the track, corresponding to 14 granules, while estimating scaling exponents of the temperature and water vapor at 500 hPa.
Note that this 84 min dataset is a small subset of the entire multi-year (∼ 15 year) AIRS dataset. The centers of consecutive 15.4
• -diameter circles are chosen to be 8 seconds apart from each other, corresponding to the time it takes to make one AMSU swath (i.e. 6 min divided by 45 swaths). Due to overlap there are strong correlations between the exponents calculated on 5 consecutive circular areas along the track. there is a large-scale slope in temperature along the satellite track, which correlates strongly with α L as will be shown later.
The location on Earth can be derived from Fig. 5c which displays the longitude and latitude of Aqua's nadir, which is the center of the 15.4
• -diameter circle.
A large separation of the three lines in Fig. 5a , indicates a large difference in slopes and hence the existence of scale breaks.
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For example at time 75 min, the large-scale exponent is close to α = 1 (β = −3), while α S and α T are smaller, such that β increases at smaller length scales. Close to the equator around 33 min, the roles are reversed: the large-scale exponent is close to zero, the tiny scale exponent close to α = 1/2 and the small-scale exponent in between these two, indicating the existence of a double reverse scale break. Just before 60 min, the three values are almost equal such that that there are no clear scale breaks.
Its variance-scaling plot will be similar to Fig. 3d for which the three values are almost equal as well (around 46 min).
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The corresponding moisture scaling exponents are shown in Fig. 6a . The moisture α L is in the same range as the temperature large-scale exponent. The moisture small-scale exponent α S has slightly larger values than the temperature equivalent. The tiny-scale exponent α T is significantly higher for moisture than for temperature. Fig. 6b shows the standard deviations of the water vapor mass mixing ratio. It is clearly visible that in the tropics (the location on Earth can again be derived from 
Variance scaling at several pressure levels
KT09 showed that the scaling exponents are (among other factors) sensitive to the altitude in the atmosphere, the surface type and the presence of clouds. Therefore, variance-scaling exponents are calculated along the same track segment at three pressure derived from 15 years of observations and using the method with 10,000 circles instead of 100, lies out of the scope of this paper that mainly introduces the new circular variance scaling approach.
Correlation analysis
To relate the variance-scaling exponents to physical quantities, a correlation analysis is performed using AIRS-AMSU. The results are shown in Fig. 10 . The 686 values (corresponding to the same number of swaths) cover a slightly larger part of 5 the track than the 84 min segment that was used in subsections 4.2 and 4.3. The strongest correlation is found between the large-scale exponent β L and the absolute value of the mean temperature change (the slope) in the direction of the track of Aqua at nadir (Fig. 10a) . The temperature change that is considered is the difference between the average temperature at 500 hPa measured over consecutive 15.4
• -diameter circles (which centers are 8 seconds apart from each other). If there is a large temperature slope, then the exponent tends to be close to β = −3, corresponding to geostrophic turbulence or a transition from 10 land to ocean. If there is no slope, the exponent is closer to β = −1, corresponding to an atmosphere dominated by smaller-scale processes, such as tropical convection.
The large-scale exponent is also well-correlated with the standard deviation in the 15.4
• -diameter circle (Fig. 10b) , which confirms the alignment of peaks observed in Fig. 5a ,b. For moisture, strong correlations (above 0.50) are found between α L and the standard deviation in the 15.4
• -diameter circle (Fig. 10d ) and the absolute value of the moisture slope along the track 15 (Fig. 10e) . The outgoing longwave radiation (OLR) (Fig. 10g) does not display a strong correlation with water vapor and even less with the temperature (Fig. 10i) . The exponents β L and β S are positively correlated for both temperature (Fig. 10c ) and water vapor (Fig. 10f) . The surface type (land or ocean) is not strongly correlated with the temperature or moisture large-scale scaling exponents at the lower pressure level 850 hPa (not shown). Finally, the cloud fraction does not show strong correlations with the scaling exponents at 500 hPa (Fig. 10h) . • along the track of Aqua at the three pressure levels, for all AIRS data products and both for temperature and water vapor (not shown in figure) .
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To get more insight in the distribution of the scale-break length scale, probability density functions (PDFs) are shown in Fig. 12. To produce these PDFs the range of AIRS-OE is set to 1.5
• ≤ l ≤ 15.4
• , such that it has the same range as the three other AIRS data products. The maximum of the PDFs is attained between 7
• (i.e. ∼770 km) and 10.5
• for temperature and between
5
• and 8
• for water vapor at 850 hPa (Fig. 12e,f) , between 8
• and 11
• for temperature at 500 hPa ( Fig. 12c ) and around 9
• for water vapor at 500 hPa (Fig. 12d) , between 5.5
• and 9
• for temperature at 300 hPa ( Fig. 12a ) and around 9
• for water vapor at 30 300 hPa (Fig. 12b) , which is to some extent in agreement with 500-700 km and 450-750 km scale break length scales reported by Gage and Nastrom (1985) and Tung and Orlando (2003) , respectively. The PDFs of temperature (Fig. 12a,c) have a less well-defined maximum than water vapor (Fig. 12b,d ,f), apart from temperature at 850 hPa (Fig. 12e ), in which a clear peak is • . In the next section we provide a tentative physical explanation for the large spread of the scale-break length scale.
Finally, a double scale break detection is applied to the AIRS-OE dataset for its full range, i.e. 0.5 
Discussion and conclusions
We show that individual granules of satellite Level 2 data can quantify the variability of the atmosphere. In particular, the 10 variance scaling exponents of temperature and water vapor mass mixing ratio have been derived using data stemming from the AIRS instrument suite onboard the Aqua satellite. These exponents are frequently close to the β = −5/3 and β = −3 values, however, deviations from these values are very common. The large-scale exponents β L , corresponding to the length scales 6
• to 12
• , fluctuate between -3 and -1.
The precise value of the large-scale exponent depends strongly on the standard deviation of temperature and water vapor 15 content on larger areas. The temperature and moisture slope along the track also affects the large-scale exponent. When the large-scale fluctuations are strong, then the large-scale exponent is close to -3, which is the preferred value in case there is a large slope in the temperature (water vapor) field along the track. Such a temperature slope can be expected off the equator when dynamics are ruled by geostrophic turbulence (Charney, 1971) . When the large-scale temperature fluctuations are small, then smaller-scale fluctuations easily decrease this value to -1. This happens often in the tropics (e.g. Fig.7b , granule 231),
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where small-scale fluctuations that are likely the result of deep convection, can be stronger than the large-scale fluctuations. In contrast, for moisture, such large-scale slopes can be expected close to and in the tropics, because there moisture differences are large: we have indeed seen in Fig. 6 that β = −3 is not so common off the tropics for the large-scale water vapor exponent
The small-scale variance scaling exponents β S , corresponding to length scales from 1.5
• to 4
• are more often close to 25 β = −2, and less often close to β = −3. By using single-footprint AIRS data, we show that at the smaller scales from 0.5
• to 1.5
• , the exponents β T are closer to β = −2 for temperature and slightly lower (between -2 and -3) for moisture. The PDFs of the small-scale exponents α S (Fig. 9) show a maximum around α = 0.5 for both temperature and water vapor, which is perhaps a surprise if one expects these exponents to have a preferred value of close to α = 1/3, i.e. β = −5/3. Variancescaling exponents that are close to β = −2, i.e. α = 0.5, indicate that the variance of the temperature is proportional to the 30 length scale l. The preferred slope of β = −2 can, however, not be clearly explained by the authors.
A special feature of the method is the usage of circles to calculate the standard deviations. It is an interesting question what the shape of an area should be if one aims to estimate the variance scaling in the atmosphere at a certain pressure level. Rectangles have been used before, e.g. by KT09, and have been accepted by the community to be a correct shape to compute variance scaling exponents, because horizontal sections of GCM columns, for which variance-scaling exponents can be useful in cloud parameterizations, are often (nearly) rectangular.
The orientation of a rectangle or square should not be of major importance when calculating variance scaling exponents.
Therefore, one could argue that one could use a slight rotation of the rectangle to calculate the variance scaling exponents and 5 take the average of the values of the rotated and non-rotated rectangles. Then, the rectangle can be turned slightly again and again, while calculating scaling exponents. If one continues turning the rectangle, and makes the turning angles infinitesimally small, the resulting shape is a circle. This procedure of rotating can be performed with any arbitrary shape, with the circle as a final result, and therefore, the circle is the "optimal shape" to calculate variance scaling exponents. It is optimal in case rotational symmetry is desired, for example, because the underlying field is isotropic. This is in line with Pressel and Collins
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(2012) who found that water vapor variance scaling is approximately isotropic.
A major advantage of using a "poor man's spectral analysis" method is that relatively small datasets are sufficient to estimate variance scaling exponents. Reliable spectral power diagrams of observational data arise only after averaging over relatively large datasets. For example, Nastrom and Gage (1985) obtained their spectral power diagrams by averaging over observations collected during 6,000 commercial aircraft flights. Furthermore, spatial variances can be calculated in the case of missing data 15 in which case conventional spectral analysis can not be employed (Vogelzang et al., 2015) .
In this study, variance-scaling exponents have been computed instantaneously, without using multiple satellite overpasses.
The exponents are derived from satellite observations that are made during at most a few minutes, so the scaling method is strictly speaking not entirely instantaneous. However, compared to the months of measurements used by KT09 and Pressel and Collins (2012) to compute exponents, our method uses relatively small datasets, which justifies the term instantaneous.
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The scale-break-detection results have shown that there is a preference for the scale-break length scale between 7
• (at 850 hPa) and 9
• (at 500 hPa and 300 hPa). This is slightly larger than the 500-700 km and 450-750 km scale-brake length scales reported by Gage and Nastrom (1985) and Tung and Orlando (2003) , respectively, and smaller than the 1,000 km reported by Bacmeister et al. (1996) . The spread around this value is large and this preference is only visible in the distribution of the scale-break length scale, i.e. where the probability density function attains its maximum. An explanation for the large spread is 25 that convective systems exists of all different sizes, thereby increasing the initially present slope of β = −3 to higher values at different length scales. A larger convective system will give a larger value of the scale-break length scale. In case no large-scale slope is present, the reverse scale-break length scale depends also heavily on the size of the convective systems: the larger the size, the larger the scale-break length scale. Furthermore, since we measure scale-break length scales along the track, when the satellite moves from a regime where there is a scale-break at a small scale (say 2
• ) to a regime where there is a scale-break at 30 a large scale (say 15
• ), then all intermediate scale-break length-scales will be attained during the overpass from the first to the second regime. This explains the continuity of the scale-break length scale PDFs.
The variance-scaling exponent β T for moisture has been shown to attain smaller values, i.e. closer to β = −3, than the exponent β S , which means that less variance is present at the length scales between 0.5
• than at length scales between 1.5
• , which has also been reported in Kahn et al. (2011) . This can be of significance for parameterizations of clouds in 
49.3N-144.7W
AIRS-OE optimal linear fit scale-break detection Figure 13 . In these double-scale-break examples it can be seen that the slope can change at scales below 1.5
• . The standard deviations are calculated with AIRS-OE derived (top) temperature and (bottom) water vapor mass mixing ratio at 500 hPa.
